Abstract: Sequence analysis of cloned plant disease-resistance genes reveals a number of conserved domains. Researchers have used these domains to amplify analogous sequences, resistance gene analogs (RGAs), from soybean and other crops. Many of these RGAs map in close proximity to known resistance genes. While this technique is useful in identifying potential disease resistance loci, identifying the functional resistance gene from a cluster of homologs requires sequence information from outside of these conserved domains. To study RGA expression and to determine the extent of their similarity to other plant resistance genes, two soybean cDNA libraries (root and epicotyl) were screened by hybridization with RGA class-specific probes. cDNAs hybridizing to RGA probes were detected in each library. Two types of cDNAs were identified. One type was full-length and contained several disease-resistance gene (R-gene) signatures. The other type contained several deletions within these signatures. Sequence analyses of the cDNA clones placed them in the Toll-Interleukin-1 receptor, nucleotide binding domain, and leucine-rich repeat family of diseaseresistance genes. Using clone-specific primers from within the 3′ end of the LRRs, we were able to map two cDNA clones (LM6 and MG13) to a BAC contig that is known to span a cluster of disease-resistance genes.
Introduction
Plants rely upon a vast array of cellular and molecular defenses to fight off pathogen attack. Many defense responses are initiated by resistance genes, providing a mechanism by which the plant can recognize a pathogen and execute a defense against it. Common defenses include cell wall fortification, phytoalexin production, induction of pathogenesisrelated proteins, and, perhaps most importantly, the hypersensitive response. The hypersensitive response is characterized by cell death surrounding the site of pathogen invasion, which contains the spread of the pathogen (HammondKosack and Jones 1996) . Although in nature plants are constantly bombarded by pathogens, the onset of disease symptoms is rare. Therefore plant resistance genes must be highly efficient in fighting off pathogen attack. By understanding how resistance genes are involved in the recognition and re-sponse to pathogen attack, we can make the first step toward engineering resistance to an increasing array of pathogens.
In recent years many different disease-resistance genes (R-genes) have been cloned from plants. These genes confer resistance to fungal, viral, bacterial, insect, and nematode pathogens and come from a diverse assortment of species that includes monocots and dicots. The genes contain conserved domains that can account for many of the predicted functions of R-genes. Many R-genes contain a leucine-rich repeat region (LRR), a strong candidate for pathogen recognition specificity. Some of the LRR R-genes contain domains possibly involved in signal transduction such as nucleotide binding domains (NBD), leucine zippers, or TollInterleukin-1 cytoplasmic receptor (TIR) domains. Still others contain protein kinase domains and conserved domains of unknown function. For a detailed review see HammondKosack and Jones (1997) .
Using degenerate primers designed from conserved domains from cloned R-genes, it has been possible to amplify analogous sequences from other plant species (Kanazin et al. 1996; Leister et al. 1996; Yu et al. 1996) . Leister et al. (1996) used PCR and oligonucleotide primers designed from conserved domains of N (tobacco) and RPS2 (Arabidopsis) to amplify products with NBD homology to known resistance genes. Genetic mapping of these products demonstrated tight linkage with nematode resistance in potato. In soybean (Glycine max L. Merr.), degenerate primers were designed from the conserved nucleotide binding domains of RPS2 (Arabidopsis), L6 (flax), and N (tobacco) (Kanazin et al. 1996; Yu et al. 1996) . The resulting amplification products were shown to be members of a multigene family, some of which mapped in close proximity with known resistance genes. Sequence analysis of the resistance-gene analogs (RGAs) showed highest homology with the nucleotide binding domains of previously cloned resistance genes (Kanazin et al. 1996) . However, nucleotide binding domains are not unique to R-genes and identification of other motifs would provide more compelling evidence of the relationship between RGAs and plant R-genes.
Since the initial isolation of the RGAs, several other groups have shown that identification of disease-resistance loci is facilitated by the use of PCR to amplify conserved disease-resistance motifs. In Arabidopsis, the map positions of RGAs correspond to 21 different disease resistance loci, including those for RPS2 and RPP5 (Speulman et al. 1998) . Aarts et al. (1998) also demonstrated that most cloned RGAs were genetically linked with disease resistance loci in Arabidopsis. In lettuce, four families of RGAs were identified, two of which mapped to known disease-resistance clusters . While this technique is useful for identifying disease-resistance loci, identification of a functional resistance gene within a cluster of paralogs is much more difficult. Examination of the disease-resistance families I2C in tomato (Ori et al. 1997; Simons et al. 1998) , Dm3 in lettuce , and Xa21 in rice (Song et al. 1997) has shown that often some members of a resistance gene cluster are nonfunctional. Identification of RGA sequences from expressed gene messages (mRNA) would be compelling evidence for function of these sequences.
The objectives of this research were to (i) identify expressed gene sequences in epicotyl and root cDNA libraries corresponding to functional RGAs; (ii) elucidate the full genetic structure of RGAs and identify additional R-gene conserved motifs based on cDNA sequences; and (iii) correlate RGA-expressed sequences with known R-genes by genetic mapping and physical association. Two different cDNA libraries were screened with RGA class-specific probes, and expressed sequences were detected in both libraries. The isolated cDNAs were sequenced and shown to belong to the Toll-Interleukin-1 receptor, nucleotide binding domain, and leucine-rich repeat family of R-genes. Two cDNAs were mapped to a BAC (bacterial artificial chromosome) contig encompassing two R-genes, Rps2 and Rmd, and a gene affecting plant interaction with a nitrogen-fixing bacterium, Rj2.
Materials and methods

cDNA library screening
To examine RGA expression we screened epicotyl and root UniZap™ XR cDNA libraries (Stratagene, La Jolla, Calif.) with 11 class-specific RGA probes (Kanazin et al. 1996) . The epicotyl library was commercially available and was prepared from 12-dayold soybean epicotyls (Glycine max L.'Williams 82') grown in a greenhouse under natural light conditions. The root library was custom-made from RNA collected from soybean primary roots ('Corsoy 79') infected with Heterodera glycines. Roots were harvested 24, 48, and 72 hours after infection. An aliquot of this library was a gift from Dr. Thomas Baum, Iowa State University.
The cDNA libraries were screened by hybridization following protocols described in the Uni-Zap™ XR Library instruction manual using RGA class-specific probes. To screen the epicotyl library, approximately 800 000 colonies were plated and probed with each RGA class-specific probe. The root library was screened using multiplexed probes after appropriate controls ruled out any crossreactions between probes. Positive colonies were replated and screened a second and third time as necessary. If no positive colonies were identified for an individual RGA class during the initial library screening, an additional 800 000 colonies were screened using single class-specific probes.
cDNA sequencing and motif identification
Restriction digests were used initially to differentiate the isolated cDNA clones (Sambrook et al. 1989 ) and 12 unique clones (GenBank acc. Nos. AF175388-AF175401) were sequenced by the Iowa State DNA Synthesis and Sequencing Facility using standard conditions. Automated dideoxy sequencing was carried out on both strands using an ABI 377 Automated Sequencer. Reactions were set up using the Applied Biosystems Prism BigDye terminator cycle sequencing kit with AmpliTaq DNA polymerase FS, and electrophoresed on an Applied Biosystems Prism 377 DNA sequencer (Foster City, Calif.).
The cDNA sequences were analyzed and conserved motifs were identified using the BLAST algorithm (Altschul et al. 1997) . cDNA sequences were aligned and compared using Lasergene computer software (DNAStar, Inc., Madison, Wis.). LRR conserved motifs were identified using the BLOCKS database (Henikoff and Henikoff 1994) .
BAC contig development and BAC sequencing
We extended the BAC contig previously reported to be on soybean linkage group J (Marek and Shoemaker, 1997) by screening the USDA-ISU 'Williams 82' BAC library with PCR primers designed from BAC-end sequences. BAC DNA isolation and PCRbased BAC library screening were performed as described in Marek and Shoemaker (1997) . BACs identified in each screen were incorporated into the contig based on insert size and results from subsequent screening steps. Positions of BACs within the contig were confirmed by PCR analysis. BAC subclones were generated from BAC insert DNA digested with Sau3A and ligated into the BamHI site of HK-phosphatase (Epicentre Technologies, Madison, Wis.)-treated pGEM3 Z(+) (Promega, Madison, Wis.). DNA was sequenced by the Iowa State DNA Synthesis and Sequencing Facility. The BAC-end sequence was obtained by direct sequencing of BAC clones using the ABI Prism BigDye terminator cycle sequencing kit and the following non-standard conditions. The reactions contained 1-5 ug BAC DNA, 16 uL premix, 4 uL primer (M13-Universal F or R primer), and 4 uL DMSO. Cycling conditions were 95°C for 8 min followed by 45 cycles of 96°C for 30 s, 50°C for 10 s, and 60°C for 4 min. The entire reaction product was loaded onto the sequencing gel.
Nomenclature of BACs, BAC subclones, and sequences
The nomenclature used in this paper for BACs, BAC subclones, and sequences was developed to facilitate incorporation and use of this information in an easily accessible and searchable database being developed by Dr. Ernest Retzel, University of Minnesota. The name begins with one upper case and one lower case letter identifying the genus and species of the library source material (Gm = Glycine max), followed by an underscore and two capital letters identifying the originator of the library (IS = Iowa State), a lower case letter identifying the type of library (b = BAC), and a threeplace number identifying the specific library (001 = library number 1). This information is followed by the specific library address for the BAC: a three place number identifying the library plate number, an underscore, and an uppercase letter and two place number identifying the plate column and row. In the case of BAC subclones, the BAC plate address is followed by the specific information identifying the subclone address. The underscores are used to facilitate data manipulation by computer.
Contig marker development and mapping
To accurately position the BAC contig on the soybean genetic map, markers were developed using primers designed from BAC subclone sequences and BAC-end sequences. These primers were used to amplify corresponding sequences from L76-1988 and L82-2024, two parents of a mapping population segregating for the three genes, Rps2, Rmd, and Rj2 (Polzin et al. 1994) . Amplification products were digested with restriction endonucleases and polymorphisms were mapped in the segregating population consisting of 199 individuals. Polymorphisms were detected by digestion of amplification products from BAC 91F11L (Gm_ISb001_091_F11.U; GenBank acc. No. 081292) and BAC subclone 91F11BM9U (Gm_ISb001_091_F11_002M9.U).
When digestion did not yield a polymorphism, the amplification products were sequenced. From these sequences, allele-specific primers were designed that were used to map single-nucleotide differences in the segregating population. Allele-specific primers were developed from BAC-ends 89L6R2 (Gm_ISb001_089_L06.R), 68J10R (Gm_ISb001_068_J10.R), and 25B1U (Gm_ISb001_025_B01.U).
AFLP markers were generated from EcoRI-TaqI digests using Biotin selection as described by Zabeau and Vos (1992) . Primers were synthesized using the adaptor sequences described by Zabeau and Vos (1992) with three additional randomly selected bases. Markers that were polymorphic between L76-1988 and L82-2024 also were mapped in the segregating population. The microsatellite marker Sat_144 was developed by Dr. Perry Cregan (Cregan et al. 1999 ) from a group of BACs that included 10C2 (Gm_ISb001_010_C02), 91F11 (Gm_ISb001_091_F11), and 68J10 (Gm_ISb001_068_J10) from this contig. In a BAC library screen, the Sat_144 primer pair only amplified product from BAC 10C2.
Segregation of markers was analyzed by MAPMAKER (Lander et al. 1987) , using the default Haldane mapping function. Linkage of all loci was confirmed using the Group command. Loci were positioned using the Compare and Try commands. A minimum LOD value of 3.0 was required to accept a position within the linkage group.
Placement of cDNA clones onto specific BACs
To correlate cDNA clones with specific BACs, primers were designed from the 3′ ends of the clones within the LRR and used to screen the USDA-ISU 'Williams 82' BAC library under high stringency PCR conditions. Primers were designed using OLIGO 6.0 (Wojciech Rychlik 1998). PCR cycling conditions were 94°C for 2 min followed by 19 cycles of 94°C for 45 s, 68°C minus 0.5°C per cycle for 30 s, and 72°C for 45 s. This was followed by an additional 21 cycles at 94°C for 45 s, 58°C for 45 s, and 72°C for 45 s. As further confirmation that a defined BAC region was the source of specific cDNAs, positive BACs were used as template for PCR with the 3′ LRR primers used to identify the BAC. The amplification product was purified from a 1% low-melting point gel and cloned using the pGEM T Easy Vector System I (Promega, Madison, Wis.). Plasmid DNA was then isolated according to Sambrook et al. (1989) and both strands were sequenced at the Iowa State DNA Synthesis and Sequencing Facility. PCR-derived genomic clone sequences and cDNA clone sequences were compared to confirm the localization of the cDNA clones.
Genomic sequencing
To determine the genic structure corresponding to the full-length cDNA clone LM6, seven sets of primers were designed from the clone in overlapping 500-base-pair intervals. These primers were used to amplify corresponding sequences from BAC 34P7 (Gm_ISb001_034_P07), the largest BAC identified by the 3′ primers used to map cDNA clone LM6. The amplification products were cloned and sequenced as described above. Sequences were assembled using AUTOASSEMBLER (Applied Biosystems, Foster City, Calif.) and LASERGENE (DNAStar Inc., Madison, Wis.) software.
Results
cDNA Library Screen and RGA Expression
To examine expression of the RGAs, we used RGA classspecific probes (Kanazin et al. 1996) to screen a soybean epicotyl cDNA library and a soybean root cDNA library. Assuming that 40-65% of the genes in the 1.1-Mbp soybean genome (Arumuganathan and Earle 1991) are low-copy genes, and assuming that low-copy genes comprise approximately 20-25% of the total mRNA population, screening 1.6 million clones would result in the detection of an expressed gene product 97% of the time, if the product were present in the library (Klickstein 1994) .
Class-specific probes for RGA classes 1, 3, 6, and 7 identified a total of 16 cDNAs from these two libraries. Restriction digestion and sequencing showed 12 of these cDNAs to be unique. Of these, nine clones were from the epicotyl cDNA library and two were from the root library (Table 1) . The cDNA clones ranged in length from 1.5 kb to 3 kb.
Sequence analysis of the cDNA clones revealed several conserved domains found in plant R-genes (Fig. 1) . From the 5′ end of some of the clones, the first 100 amino acids of the derived amino-acid sequence show 43-55% identity to the Toll-Interleukin-1 receptor domain of N (Whitham et al. 1994 ) and L6 (Lawrence et al. 1995) . Comparison of the cDNA clones with each other revealed a high degree of amino acid conservation within this region, with amino acid identities ranging from 42-80% (Fig. 2) . A subset of the clones did not have a TIR. The second domain detected was a nucleotide-binding domain (NBD, Fig. 1 ). The NBD in soybean cDNA clones had 30-39% identity with the NBDs from N (Whitham et al. 1994 ) and L6 (Lawrence et al. 1995) . Among the cDNAs, amino acid identity ranged from 45-82% within this region. Alignment in the NBD region identified the conserved p-loop (GxxG(I/V)GKT), the kinase 2a (LL(I/V)LD), and kinase 3a (FGPGSR) motifs (Fig. 3) .
Derived amino acid sequences at the 3′ end of the cDNA clones form a LRR region ( Fig. 1) with 25-30% identity to the LRR regions of N and L6 (Lawrence et al. 1995; Whitham et al. 1994 ). Because of high sequence divergence within this region it was difficult to align LRR regions among the cDNAs. The structures of the LRRs found in a single cDNA, LM6, are depicted in Fig. 4 . LM6 contains nine LRRs that vary in length from 22 to 26 amino acids and contain the conserved core sequence LxxLxxLxxxxCxxL. The second and third LRRs are divided by approximately 19 amino acids in addition to the third intron. The eighth and ninth LRR are separated by an 85-amino-acid sequence also showing no LRR homology, and leucines account for 13% of the sequence. While this region does not encode LRRs, the percentage of leucines found is higher than the 7-10% leucine composition found in the NBD and TIR of cDNA clone LM6. Several other conserved regions were also found (Fig. 1) ; however, the function of these regions is unknown.
Sequence alignment of the clones revealed several unique features. In each of the libraries, two different types of RGA class 1 transcripts were identified. Type I was full-length and was representative of the overall structure of cDNAs associated with the other expressed RGA classes (Fig. 1A) . Ten type I cDNAs were identified. Two type II cDNAs were identified, one in each library. Relative to Type I cDNA LM6, Type II cDNAs had deletions 228, 178, and 262 bps in length, which significantly affected the derived amino-acid sequence (Fig. 1B) . The first deletion resulted in the loss of the Kinase 3a domain of the NBD and in the loss of one of the conserved domains of unknown function (motif 3, Hammond-Kosack and Jones 1997). The second deletion occurred immediately before the LRR region and the third deletion occurred within the LRR region. The second and third deletions also resulted in frameshifts that alter the reading frame of the hypothetical protein. Additionally, a 32-bp direct repeat resulted in the tandem duplication of one of the conserved domains of unknown function (motif 1).
BAC contig expansion
We expanded the RGA class 1 BAC contig on Linkage Group J (LG-J) to approximately 700 kb (Fig. 5) . Using PCR-based markers for two BAC ends (91F11L and 25B1U), we mapped opposite ends of this contig in a population segregating for Rj2 (ineffective nodulation), Rmd (resistance to powdery mildew), and Rps2 (resistance to Phytophthora root rot). These markers appear to flank the gene cluster. Additional markers developed from BAC ends within the contig (89L6R2 and 68J10R), and from a BAC subclone (91F11BM9U), support the map location of this contig relative to the gene cluster (Fig. 5) .
Comparison of BAC-end and BAC-subclone sequences from across the contig with sequences in the National Center for Biotechnology Information (NCBI) nonredundant database shows primarily sequence similarity to cloned plant Rgenes from the TIR, NBD, and LRR family or to retrotransposon-like sequences (data not shown).
cDNA localization
To determine the map location of the genes corresponding to the cDNAs detected from each library, we designed clonespecific primers from the 3′ LRR sequence of several of the cDNA clones. The primers were used to screen the soybean USDA-ISU 'Williams 82' BAC library under highstringency PCR conditions. Primers derived from clone LM6 (epicotyl library) and clone MG13 (root library) identified only BACs from the RGA class 1 contig located on linkage group J (Fig. 5) . Sequence from cDNA clone LM6 showed 100% identity with 581 bases of BAC 36O14 (Gm_ISb001_036_O14) and BAC 91F11 end sequences. Similarly, sequences from cDNA clone MG13 showed 100% identity with 430 bases of BAC 34P7 and BAC 91F11 end sequences. Therefore, cDNA clones LM6 and MG13 are likely to be on opposite ends of BAC 91F11. These two cDNA clones were shown by sequence analysis to share 80% nucleotide identity.
Genomic structure of RGA coding regions
Using step-by-step PCR amplification of targeted regions of BAC 34P7, we were able to generate a complete genomic sequence of the gene corresponding to cDNA LM6. We identified three introns, 146, 178, and 79 bp in length. The first intron corresponded to a region between the TIR and the NBD. The second intron preceded the LRRs. This intron corresponds to the second deletion observed in Type II cDNAs. It is likely that intron removal led to a frameshift and subsequent stop codon in Type II cDNAs. The third intron occurred within the LRR (Fig. 1A) . The third intron from LM6 is also contained within the third deleted region from Type II cDNAs but encompasses only 79 of the 262 deleted bases. 
Discussion
We previously reported the development of a BAC contig containing RGAs on soybean Linkage Group J (Marek and Shoemaker 1997) . This contig has now been extended to span approximately 700 kb. Mapping of markers derived from BACs within this contig confirmed that the contig encompasses the resistance genes Rps2 (Phytophthora root rot resistance) and Rmd (powdery mildew resistance) as well as Rj2, a gene affecting the interaction of soybean with a nitrogen-fixing bacteria. This physical linkage, in addition to the clustering of RGAs within this region, suggested a relationship between RGAs and disease resistance.
Since the initial identification of RGAs (Kanazin et al. 1996 , Leister et al. 1996 , Yu et al. 1996 several groups have demonstrated that PCR amplification of conserved diseaseresistance motifs can be used to identify disease-resistance loci. In Arabidopsis, at least 21 different disease loci are associated with RGAs (Speulman et al. 1998; Aarts, et al. 1998) . However, the difficulty remains in identifying the functional resistance gene. Several groups have shown that within a disease-resistance cluster, there are often genes that show high similarity to resistance genes but do not encode a functional product Ori et al. 1997; Song et al. 1997) . Since the primers used to identify R-gene analogs are made from a highly conserved domain, there are unlikely to be significant changes within this region that can be used to identify a functional gene from its nonfunctional paralog. In this case, it becomes necessary to examine other R-gene motifs.
In this study, RGA cDNAs were identified by using RGA class-specific probes to screen two different cDNA libraries. Sequencing of full-length RGA cDNAs and corresponding genomic regions identified complete signature domains of plant R-genes: NBD, TIR, LRR, and conserved domains of unknown function. The NBD is required for binding ATP or GTP, which may be required for activation of functional proteins (Lawrence et al. 1995; Whitham et al. 1994 ). The TIR is involved in rapid signal transduction in mammals and Drosophila (Hashimoto et al. 1988; Sims et al. 1989 ). The LRR is thought to be involved in pathogen recognition (Lawrence et al. 1995; Whitham et al. 1994) . The combination of these domains places the expressed soybean RGAs in the L6, N, RPP5, and M family of R-genes (Class 3b, Hammond-Kosack and Jones 1997).
Although full-length cDNAs (Type I) were identified in both soybean libraries, truncated versions of these cDNAs were also identified in both libraries. Truncated transcripts have also been identified in L6 (flax; Lawrence et al. 1995) , and N (tobacco; Whitham et al. 1994) . L6 tr and N tr are produced by differential splicing of the N and L6 genes. Truncated transcripts have also been identified in the RPP5 family from Arabidopsis; however, these transcripts are not associated with the resistance gene RPP5 (Parker et al. 1997) . Evidence of truncated transcripts in other diseaseresistance families suggests that these transcripts may play an important role for the plant. By screening two different cDNA libraries (root and epicotyl) with RGA class-specific probes, we have shown that some RGA sequences correspond to expressed genes. Also, by associating the cDNAs with soybean BACs, we demonstrated that two of the genes belong to the same multigene cluster containing the resistance genes Rmd and Rps2 as well as the ineffective nodulation gene, Rj2. Knowledge of RGA sequences flanking conserved domains may prove useful, through techniques such as RT-PCR, in identifying the functional (expressed) R-gene from within a cluster of Rgene candidates. . Rmd, resistance to powdery mildew; Rps2, resistance to Phytophthora sojae; Rj2, ineffective nodulation. A724, A233, RFLP markers that anchor Rmd, Rj2, and Rps2 to linkage group J in the USDA-ISU Glycine max × G. soja genetic map. E25T24, E33T22, E30T33, AFLP markers. 91F11, 89L6R2, 25B1U, 68J10R, PCR markers from BAC end sequences. 91F11B9MU, PCR marker from BAC 91F11 B9M subclone. Sat_144, microsatellite marker developed from BAC 10C2.
